Single-crystal structure determinations at room temperature and elevated temperatures were carried out on the silver ion conductor Ag 5 Te 2 Cl, and the hitherto unknown structure of the room-temperature phase ( -Ag 5 Te 2 Cl) was determined. Ion pathways are discussed for the room-and high-temperature phase by analyzing the joint probability density functions. Main transport pathways at different temperatures were worked out to obtain detailed insight into the movement of the silver atoms in this material. Ag 5 Te 2 Cl is an excellent 1D ionic conductor having a pronounced silver mobility along complex silver columns. Conductivities are σ ) 1.51 × 10 -3 Ω -1 cm -1 at 323 K and σ ) 4.30 × 10 -1 Ω -1 cm -1 at 469 K. With use of a nonharmonic description of the silver distribution of the high-temperature phase, a promising structure model has been derived for the room-temperature phase.
Introduction
Most of the superionic conductors known to date are polymorphic compounds with several phase transitions and distinct ionic conductivities due to changes in the substructure of the mobile ions. Encouraged by the superionic properties of silver iodide, an enormous number of studies of ternary and quaternary compounds has been performed with the aim to stabilize superionic phases at lower temperatures. 1 One of the most intensely investigated systems in the field of silver ion conductivity is the system RbI-AgI including the superionic conductor RbAg 4 I 5 . Structural investigations of this compound were first mentioned in 1967 by Geller 2 and Bradley et al. 3 and are still in progress. 4 The conduction mechanism 5 and the preferred conduction pathways in ionic conductors (e.g., in Ag 7 PSe 6 ) 6 are of special interest due to their potential technological application in solid-state batteries or electrochemical cells. The knowledge of the mechanism and the underlying structure is essential for the exploration of new optimized ion conductors.
Ag 5 Te 2 Cl shows the typical behavior of an ionconducting material, that is, polymorphism in combination with ion conduction in its high-temperature phase. Two modifications have been characterized structurally so far: a high-temperature R-phase showing enhanced ionic conductivity in addition to highly delocalized silver atoms in the cation substructure and a low-temperature γ-phase with a clustered arrangement of silver on distinct positions. The crystal structure of R-Ag 5 Te 2 Cl was first examined by Blachnik and Dreisbach in 1985. 7 Due to the high silver mobility, the cation substructure was described using 7, not fully occupied silver positions. According to the authors, a certain number of silver positions with low occupancy factors were omitted in their structure model. This finding, namely, numerous positions with almost equivalent potential energies, is typical for an ion conductor. Blachnik also mentioned the occurrence of a twinned room-temperature phase with a monoclinic unit cell and a monoclinic angle close to 90°. This phase, -Ag 5 Te 2 Cl, was later found to exist between 237(2) and 329(3) K. However, the structure and physical properties of this phase were not reported so far. 8 The crystal structure of the third polymorph, γ-Ag 5 Te 2 Cl, which is stable below 237 K and was originally found in DSC measurements, was reported in 2000. 8 et al. 9 R-Ag 5 Te 2 Cl shows a high ionic conductivity above 329 K with a conductivity of approximately σ ) 10 -1 Ω -1 cm -1 and an activation energy of 0.26 eV; the activation energy for -Ag 5 Te 2 Cl is 0.38 eV according to these authors. The activation energy for R-Ag 5 Te 2 Cl, based on a limited number of data, is relatively high as compared to many other ion-conducting materials. 10 Herein, we report the crystal structures and electrical properties of -and R-Ag 5 Te 2 Cl in the temperature range between 298 and 543 K. A so-called nonharmonic refinement of the displacement parameters of the mobile silver ions using a Gram-Charlier expansion 11 up to the 4th order makes it possible to improve the structure model for R-Ag 5 Te 2 Cl. The diffusion pathways of silver ions in the three-dimensional (3D) anion network can be estimated for both phases from a detailed analysis of the joint probability density functions (jpdf). 12, 13 Experimental Section Synthesis of Ag5Te2Cl. Ag5Te2Cl was prepared from a 1:4:2 mixture of AgCl (Alfa 99.999%), Ag (Chempur 99.9%), and Te (Chempur 99.9%) in quartz ampoules. All starting materials were used without further purification. The mixture was heated to 753 K for 5 days. After homogenization of the crude product, TeCl 4 was added as a transport agent and the mixture was heated in a two-zone oven using a vertical temperature gradient (423-453 K). TeCl4 was prepared from Te and dried Cl2 14 (Messer Griesheim 99.8%) and purified by sublimation in a Cl2 stream. Single crystals with a size up to 5 mm (longest edge) were obtained.
EDX Analysis. Energy-dispersive X-ray analyses were performed on a Zeiss DSM 950 scanning electron microscope fitted with a ZAF-4/FLS SE-detector. Samples of Ag 5Te2Cl were measured at room temperature. Five different crystals were examined to give an average composition of Ag4.94(3)-Te2.05(5)Cl1.01(8).
Thermal Analysis. Difference calorimetric measurements were performed on a SETARAM DSC 111 under a N2 atmosphere in Al crucibles. A sample of ground single crystals (138.17 mg) was measured in the temperature range of 178-373 K with heating rates of 5 and 10 K/min, respectively. Ag 5Te2Cl shows two reversible endothermic effects at 240.9(2) and 334.2(5) K, which are assigned to the γ-and -R phase transition. The corresponding transition enthalpies are 1.2(1) and 11.7(1) J/g, respectively. These data are in good agreement with the data reported earlier. 8, 9 Powder Diffraction Analysis. X-ray powder measurements were carried out with ground single crystals of Ag5Te2Cl using a Stoe STADI P diffractometer (transmission setup, germanium monochromator, Cu KR1, λ ) 1.54051 Å, silicon as external standard) fitted with a 5°linear PSD. Roomtemperature data were recorded from flat samples; the respective data are given in the Supporting Information. For temperature-dependent powder diffraction, an Oxford Cryosystem 600 cooling device was attached to the diffractometer, which allows one to operate at temperatures up to 370 K. The samples were filled in capillaries and data were recorded every 2 K from 220 to 350 K in the 2θ range of 12-48°. While the γ-transformation cannot be detected in the powder pattern, a significant change of intensities and position of the reflections is observable at 334 K (see Figure S1 , Supporting Information). This effect comes along with the thermal effect at the same temperature and underlines the assignment of a solid-solid phase transition.
Single-Crystal Structure Analysis. Crystals of 0.28 × 0.24 × 0.18 mm 3 and of 0.41 × 0.20 × 0.20 mm 3 size were selected for data collection. Intensities were recorded on a STOE IPDS I at 298(1), 373(1), and 423(1) K (crystal 1), and on a STOE IPDS II at 298(1) and 543(1) K (crystal 2). Both diffractometers operate with Mo KR radiation (λ ) 0.71073 Å, graphite monochromator), and the temperature was controlled by the respective STOE heating devices. The intensities of -Ag5Te2Cl (298 K data, crystal 1) were first averaged in the Laue group mmm and the possible space groups Pnma and Pna21 were chosen for structure determination. No proper structure model could be obtained after structure solution 16 neither by direct methods nor by Patterson methods. Taking the symmetry relations between the high-and low-temperature phase into account (see Supporting Information), a symmetry reduction from I4/mcm (No. 140), the space group of R-Ag5Te2Cl, to the monoclinic space group P21/n (No. 14) was deduced. A monoclinic unit cell with lattice parameters of a ) 13.852(3) Å, b ) 7.663(2) Å, c ) 13.661(3) Å, and ) 90.09(1)°was calculated from the respective powder diffraction data. The structure model of the high-temperature phase was then transformed into a corresponding one in P2 1/n and the refinement "converged" at R ) 0.3299 and wR ) 0.4832 (for reflections Io > 3σI) after anisotropic treatment of all atoms. High residual electron density close to the heaviest atoms, unusual high displacement parameters, and the monoclinic angle of ) 90.09°led to the conclusion that twinning occurred during the high-temperature-room-temperature phase transition to form pseudo merohedrally twinned crystals. A twin law (0 0 1, 0 1 0, 1 0 0) was thus introduced into the refinement, which significantly improved the structure model (R ) 0.0661 and wR ) 0.1390 (for reflections I o > 3σI)). Some of the silver positions showing high and anisotropic displacement parameters were then refined using a nonharmonic approach based on a Gram Charlier expansion 11 with nonharmonic displacement parameters up to the 4th order. Only the significant displacement parameters (3σ cutoff) were refined. 17 During the structure investigation of numerous crystals, we found that the quality of crystals from one reaction batch can differ markedly and has thus a strong impact on the quality of the structure refinement. We achieved the best result by choosing a suitable crystal, heating to temperatures above the Rphase transition, and cooling to the stability area of the modification directly on the diffractometer. Intensities of R-Αγ 5Te2Cl (373, 423, and 543 K data) were averaged in the Laue group 4/mmm and the space group I4/mcm (No. 140) was assigned from the reflection conditions. During the refinements the sum of the occupancy factors of all silver positions was restricted to the stoichiometric value of five silver atoms per formula unit, in good agreement with the quantitative EDX measurements. After a nonharmonic treatment of the silver ion distribution comparable to the one in the room-temperature phase, a thorough analysis of the jpdf was carried out from which the preferred ionic diffusion pathways were estimated. A detailed description of a structure refinement strategy using a nonharmonic approach was discussed earlier. 18, 19 Further details of the structure determination, atomic positions, interatomic distances, and anisotropic displacement parameters are summarized in Tables 1  and S2 -S6 (Supporting Information). The maxima of probability density, the so-called mode positions, were determined from the probability density functions of all nonharmonically refined positions ( Conductivity Measurements. Impedance spectra of Ag5Te2Cl were recorded with a Zahner IM6 impedance analyzer and a homemade measuring cell. 20 Cold pressed pellets of finely ground samples were connected to gold electrodes and platinum wires. After an equilibration time of 30 min, impedance spectra (100 mHz to 4 MHz) were recorded in a temperature range from 302 to 469 K. The samples were kept under an oxygen and moisture free argon atmosphere during the measurements.
Results and Discussion
Structure Description. Starting from the hightemperature modification of Ag 5 Te 2 Cl, the anionic and cationic substructure will be discussed separately because of the complex distribution of the mobile silver ions and the resulting highly disordered cation framework. Crystal structures are displayed using the Diamond program package 21 and jpdf plots are visualized by the SCIAN 22 routine. Anion Substructure. The anionic framework of R-Ag 5 Te 2 Cl can be regarded as a regular 4 4 net composed of chlorine atoms, which is intercalated by a regular 3 2 434 net of tellurium atoms (see Figure 1) . These two planar nets are represented by a dashed line and a solid line in Figure 1 , respectively.
The structural changes which occur during the two phase transitions manifest themselves in small deviations from the regular arrangement of the two nets. The anionic substructures of all phases are thus related by a group subgroup relation (see Supporting Information). Passing the R-phase transition, a distortion of the tellurium net occurs in -Ag 5 Te 2 Cl while the chlorine 4 4 net remains almost unchanged. Looking parallel to the two nets (Figure 2) , one can observe a dislocation of tellurium as well as a slight sine-like modulation of the chloride positions in [010] (Figure 2 , middle) as compared to the distribution of the anions in R-Ag 5 Te 2 Cl (Figure 2, top) the distortion of the tellurium net becomes more obvious. The anionic framework exhibits some similarities to the bismuth substructure of the In 5 Bi 3 structure type. 8, [23] [24] [25] Cation Substructure. In contrast to the vivid description of two intercalating networks for the anion substructure, a completely different strategy has to be used to illustrate the cation substructure. The description of the cation substructure by an arrangement of silver clusters has been chosen for the low-temperature phase γ-Ag 5 Te 2 Cl. 8 In the following we use a more efficient and illustrative way to represent the silver distribution, which is helpful when phase transitions and ordering phenomena occur. We focus on the local environment of the silver atoms and their coordination spheres to highlight the ionic mobility and the arrangement of silver along the diffusion pathways (see jpfd analysis and conductivity measurements). To clarify the relation between the silver positions of the different polymorphs, we have defined two groups of silver positions (AgA1/A2 and AgB1/B2) in R-Ag 5 Te 2 Cl. All silver positions of -or γ-Ag 5 Te 2 Cl having the same group code (A or B) are related to the corresponding group in R-Ag 5 Te 2 Cl.
One can illustrate the silver positions in relation to the anionic substructure by defining two different sets of tetrahedra. One set is formed by three Te and one Cl located around the AgA1 and AgA2 positions (see Figure  3) . Each tetrahedron is surrounded by two further tetrahedra sharing common Te-Te edges. Four [Te 3 Cl] tetrahedra share one common corner. AgA2 is [3 + 1] coordinated by Te and Cl. Linearly coordinated AgA1 (Figure 3 , top right) acts as a linker to connect two neighboring AgA2 positions within these tetrahedra.
A second set of tetrahedra is formed exclusively by Te around the AgB1 and AgB2 positions (see Figure 3) . The AgB1-Te distances vary from 2.83(2) to 3.09(1) Å. Coordination polyhedra formed by the anions around the four silver positions of R-Ag 5Te2Cl are shown. Ellipsoids are drawn at a 90% probability level.
These distances are in good agreement with the ones reported for other silver tellurium compounds. [26] [27] [28] The shortest distance to the next nearest chlorine atom (d(Ag-Cl) ) 3.90(1) Å) cannot be regarded as a bonding distance. The AgB1 centered [Te 4 ] tetrahedra are linked by a common edge (see Figure 3) . Three-coordinate AgB2 is localized on one face of the AgB1 centered [Te 4 ] tetrahedra. A tendency to occupy a double-tetrahedral void close to the AgB1 center can be derived from the displacement parameters of the AgB2 position ( Figure  3 , bottom right). AgA1, AgA2, AgB1, and AgB2 are forming 1D endless silver cords (Figure 4 , top, view parallel to the cords). All silver positions are only partially occupied.
While the cation substructure of R-Ag 5 Te 2 Cl can be regarded as a pseudo molten phase, the cation substructure of -Ag 5 Te 2 Cl is more or less ordered. That means that the silver atoms are more or less localized and the distance range of neighboring silver positions is sharpened around a physically meaningful distance (d min (AgAg) ) 2.769(4) Å). All positions are fully occupied now. Nevertheless, the silver atoms still show large displacement parameters, which leads to the conclusion that jpdf Analysis. Due to the pronounced disorder of silver atoms over various positions in addition to large atomic displacement parameters resulting in the silver cords discussed above, at least a 1D transport of silver has to be considered. To verify this, the joint probability density function 12, 13 (jpdf) of all silver positions has been calculated. Figure 5 shows the jpdf of all silver positions implemented into a projection of the crystal structure of R-Ag 5 Te 2 Cl.
It becomes evident that a 1D diffusion path of silver with continuous probability density between the silver positions is present in R-Ag 5 Te 2 Cl. The shortest AgAg distance between adjacent cords is found between the AgA2 positions. The jpdf between two AgA2 positions ( Figure 6 ) proves that the probability density is low between the cords, which makes a 3D transport of silver less favorable.
The analyses of the jpdf of -Ag 5 Te 2 Cl support the results of the X-ray structure determination. The clus- (26) tering of silver atoms leads to isolated areas of high silver probability density. Within these areas the activation energy for the silver diffusion calculated from one particle potentials (opp) 13,29 is still remarkably low and lies well below the activation energy determined for the bulk phase by impedance spectroscopy. Figure 7 shows a jpfd map and an opp plot of the AgA6 and AgA7 position. An activation energy of approximately 0.26 eV can be found between these positions.
ac Conductivity Measurements. The ∞ 1 [Ag] diffusion pathway of R-Ag 5 Te 2 Cl interrupted by regions of low silver probability density is supposed to have consequences on the ionic conductivity. We thus performed a detailed examination of the electrical properties around the R-phase transition and a determination of the activation energies for both modifications.
ac plots (Nyquist type) show the typical development for an ionic conductor, that is, a semicircle at high frequencies in addition to a linear spike at low frequencies. The conductivity for -Ag 5 Te 2 Cl at 323 K, slightly below the phase transition to the high-temperature form, is σ ) 1.51 × 10 -3 Ω -1 cm -1 . At 469 K the conductivity σ ) 4.30 × 10 -1 Ω -1 cm -1 of R-Ag 5 Te 2 Cl is more than 2 orders of magnitude higher. These data are in good agreement with the observations of Beeken et al. 9 We fitted the measured conductivities versus the reciprocal temperature to determine the activation energies using an Arrhenius-like expression. Figure 8 shows a typical Arrhenius plot of Ag 5 Te 2 Cl from which the activation energies of 0.14 eV for R-Ag 5 Te 2 Cl and 0.44 eV for -Ag 5 Te 2 Cl can be deduced, respectively.
These activation energies differ significantly from those determined by Beeken et al. The activation energy of the high-temperature phase is well below 0.3 eV, which may make it interesting for applications in electrochemical devices. 10 Figure 6. jpdf of two neighbored Ag cords of R-Ag5Te2Cl. The closest distance of silver is marked by double arrows. A diffusion path leading to a 3D diffusion of silver can be estimated from the shape of the jpdf. The probability density between the Ag cords is significantly lower than that within the cords. , negative regions omitted. The plane is chosen to maximize the jpdf between AgA6 and AgA7. A line between AgA6 and AgA7 represents the way to calculate the one particle potential (opp). spectroscopic investigations 31 performed in the stability area of γ-Ag 5 Te 2 Cl show an activation energy of 0.42 eV, which is supposed to be the same as that for -Ag 5 Te 2 Cl within the experimental error. This finding corresponds to the data reported earlier where no difference in the activation energies of the -and γ-phase could be observed. 9
Conclusion
Ag 5 Te 2 Cl is a polymorphic material showing two reversible phase transitions at 240.9 and 334.2 K, respectively. The structures and electrical properties of R-Ag 5 Te 2 Cl and -Ag 5 Te 2 Cl have been investigated by single-crystal structure analyses and impedance spectroscopy.
The previously unknown structure of -Ag 5 Te 2 Cl could be determined from single-crystal X-ray diffraction after a special temperature treatment. -Ag 5 Te 2 Cl has to be regarded as an intermediate polymorph between the silver ion conductor R-Ag 5 Te 2 Cl and γ-Ag 5 Te 2 Cl with a complete ordering of the silver atoms. All three polymorphs are closely related by symmetry and systematic twinning occurs during the transition from the R-to the -phase. On the basis of a modified structure model, a jpdf analysis of the diffusion pathways was performed for R-Ag 5 Te 2 Cl and -Ag 5 Te 2 Cl.
R-Ag 5 Te 2 Cl is an interesting ion conductor with a conductivity and an activation energy comparable to AgI, RbAg 4 I 5 , or Ag 3 SI. A pronounced one-dimensional mobility of silver along [001] can be estimated from jpdf analysis and anisotropic conduction behavior seems probable. Further examinations which prove this assumption are still in progress.
Large displacement parameters and low activation energies between selected silver positions indicate that a certain mobility of the silver ions is still present in -Ag 5 Te 2 Cl and the conductivity of about 10 -3 Ω -1 cm -1 for this phase still is remarkably high.
